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Brown adipose tissue (BAT) protects against obesity
by promoting energy expenditure via uncoupled
respiration. To uncover BAT-specific long non-cod-
ing RNAs (lncRNAs), we used RNA-seq to recon-
struct de novo transcriptomes of mouse brown,
inguinal white, and epididymal white fat and identi-
fied 1,500 lncRNAs, including 127 BAT-restricted
loci induced during differentiation and often targeted
by key regulators PPARg, C/EBPa, and C/EBPb. One
of them, lnc-BATE1, is required for establishment
and maintenance of BAT identity and thermogenic
capacity. lnc-BATE1 inhibition impairs concurrent
activation of brown fat and repression of white
fat genes and is partially rescued by exogenous
lnc-BATE1 with mutated siRNA-targeting sites,
demonstrating a function in trans. We show that
lnc-BATE1 binds heterogeneous nuclear ribonucleo-
protein U and that both are required for brown adipo-
genesis. Our work provides an annotated catalog for
the study of fat depot-selective lncRNAs and estab-
lishes lnc-BATE1 as a regulator of BAT development
and physiology.
INTRODUCTION
Brown adipose tissue (BAT), which is specialized for energy
expenditure and heat generation, is an attractive therapeutic
target for obesity. BAT is densely packed with mitochondria ex-
pressing high levels of uncoupling protein 1 (UCP1), which facil-
itates proton leakage to uncouple respiration fromATPsynthesis.
In rodents, BAT is activated by overfeeding as a physiological
response to limit weight gain (Rothwell and Stock, 1979). Mice
deficient in BAT activity are susceptible to obesity and diabetes
(Feldmann et al., 2009; Hamann et al., 1996; Lowell et al.,764 Cell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc.1993), while mice with increased BAT activity or increased
numbers of thermogenic adipocytes within their white fat are
healthy and lean (Bostro¨m et al., 2012; Chiang et al., 2009; Seale
et al., 2011). In humans, recent studies have demonstrated the
presence of active BAT in adults (Cypess et al., 2009; Neder-
gaard et al., 2007; van Marken Lichtenbelt et al., 2009; Virtanen
et al., 2009). HumanBAT activity correlates positivelywith resting
metabolic rate and negatively withBMI (Cypess et al., 2009; Saito
et al., 2009), suggesting that it contributes to body weight vari-
ability among individuals. Understanding the mechanisms un-
derlying BAT development is thus an area of immense interest.
Previous studies have revealed many protein regulators of
BAT development (Kajimura et al., 2010; Villarroya and Vidal-
Puig, 2013). We and others have shown that microRNAs can
also regulate BAT lineage determination and browning of white
fat (Chen et al., 2013; Mori et al., 2012; Sun and Trajkovski,
2014; Sun et al., 2011; Trajkovski et al., 2012). Identifying RNA
regulators of BAT development thus represents an attractive op-
portunity for finding new therapeutic targets against obesity.
Long non-coding RNAs (lncRNAs) are increasingly recognized
as an additional layer of regulation during cell development and
disease (Alvarez-Dominguez et al., 2014a; Fatica and Bozzoni,
2014;Huetal., 2012).Wepreviously showed thata setof lncRNAs
common to white and brown fat are essential for adipogenesis
(Sun et al., 2013). One of them, lnc-RAP1 (Firre), is exclusively
nuclear and interacts with the nuclear matrix factor hnRNP U to
mediate trans-chromosomal interactions between loci encoding
adipogenic factors (Hacisuleyman et al., 2014). Our knowledge
of lncRNAs that selectively modulate BAT development and
physiology, however, remains limited (Zhao et al., 2014).
Here, we integrate genome-wide surveys of transcription by
RNA-seq and chromatin state by ChIP-seq to comprehensively
characterize lncRNAs active in mouse brown, inguinal white,
and epididymal white adipose tissues (BAT, iWAT, and eWAT,
respectively). We uncover >1,000 previously unannotated
lncRNA genes, including 127 with BAT-restricted expression,
many of which are induced during differentiation and targeted
by key adipogenic factors PPARg, C/EBPa, and C/EBPb. One




Figure 1. Global Discovery of Adipose Tissue lncRNAs
(A) lncRNA discovery pipeline. See text and Supplemental Experimental Procedures.
(B) Coding capacity of adipose-expressed mRNAs and lncRNAs as estimated by phyloCSF (Lin et al., 2011).
(C) Density of CAGE tags (left) and poly(A) tags (center) within 1 kb of lncRNA transcription start sites (TSS) or end sites (TES), respectively. Right: box plots of
maximal gene-level expression distributions for adipose-expressed mRNAs (maximal FPKM > 1) and lncRNAs (maximal FPKM > 0.1).
(D) Evidence of histonemarking, open chromatin, and RNAPol II binding within TSS ± 3 kb regions of adipose- expressed lncRNAs. Color intensity represents the
log2 signal enrichment over input. Heatmaps are sorted by the difference in enrichment for H3K4me3 andH3K4me1, depicted by blue and red triangles to the left,
respectively.
(E) Overlap between lncRNAs detected (FPKM > 0) in BAT, iWAT, and eWAT.
(F) Examples of BAT-restricted mRNAs and lncRNAs. Tracks depict RNA-seq signal for poly(A)+ RNA from BAT, iWAT, and eWAT as density of mapped reads.
Bottom tracks depict de novo transcript models by Cufflinks and Ensembl gene annotations. Left-to-right arrows indicate transcripts in the plus strand; right-to-
left arrows indicate transcripts in the minus strand.proper development and maintenance of mature, thermogenic
brown adipocytes. lnc-BATE1 acts in trans to selectively sustain
the core BAT gene program and repress WAT-selective genes
and binds hnRNP-U, which is also required for brown adipogen-
esis. Our work thus provides a roadmap for the discovery of fat
depot-selective lncRNAs regulating adipocyte lineage-specific
development and function, which can be readily implemented
through an online resource (https://sites.google.com/site/
sunleilab/data/lncrnas).
RESULTS
Global Discovery of Adipose lncRNAs
Our previous work on lncRNAs important for white and brown
adipogenesis was limited to existing gene annotations (SunCet al., 2013), which suffer from incompleteness and inaccuracy.
To better define lncRNAs active in adipose in vivo, including
those restricted to different subtypes, we set out to reconstruct
de novo the transcriptome of primary mouse BAT, iWAT, and
eWAT (Figure 1A). We performed paired-end sequencing of
long poly(A)-selected RNAs from each tissue and mapped
approximately half a billion reads to the mouse genome (Table
S1). We then used Cufflinks (Trapnell et al., 2010) to assemble
gene and transcript models and quantify their expression. As a
measure of quality, we examined expression estimates for genes
annotated by Ensembl (Flicek et al., 2014) and found high preci-
sion and reproducibility in our data (Figures S1A and S1B).
As many as 30% of the transcribed genomic segments in our
samples mapped outside of annotated loci (Figure S1C),
presenting a large opportunity for gene discovery. To defineell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc. 765
lncRNAs with high confidence, we focused on transcripts with
evidence of splicing that do not intersect known mRNA exons
in the same strand, and implemented a stringent pipeline to eval-
uate their coding capacity (Figure 1A, Supplemental Experi-
mental Procedures). This analysis classified the BAT, iWAT,
and eWAT transcriptomes into 13,342 known mRNA genes,
1,535 lncRNA genes, and 566 genes of unclear coding potential
based on our criteria. Our lncRNAs do not appear to encode
peptides, as evidenced by mass spectrometry, by ribosome
profiling, and by computational assessment of coding capacity
(Figures 1B, S1D, and S1E). We further confirmed our ability
to delineate authentic lncRNA units by finding specific enrich-
ment for 50 CAGE and 30 poly(A) tags at their transcription start
and end sites, respectively (Figure 1C). Importantly, 1,237
lncRNA transcripts from 1,032 loci do not intersect Ensembl,
RefSeq, or UCSC annotations, highlighting the necessity of our
de novo reconstruction approach. Overall,90%of our lncRNAs
are supported by at least one other source of unbiased experi-
mental evidence in addition to RNA-seq (Figure S1G; Supple-
mental Experimental Procedures), globally validating our lncRNA
models.
Analysis of the properties of adipose lncRNAs revealed that
they are globally lower expressed than mRNAs, yet share the
same promoter marks of active transcription (Figures 1C, 1D,
and S1H), consistent with being independent Pol II transcripts.
About half of the lncRNAs originate from active enhancer ele-
ments defined by a high H3K4me1/H3K4me3 ratio, as expected
(Natoli and Andrau, 2012). As is characteristic of mouse (Gutt-
man et al., 2009) and human lncRNAs (Cabili et al., 2011), adi-
pose lncRNAs have fewer exons and are thus shorter than
mRNAs, and they show higher primary sequence conservation
at promoters versus exons (Figures S1I–S1L). Importantly, 297
out of 1,535 lncRNA genes are detectable (FPKM > 0) in only
one of the three adipose subtypes examined (Figure 1E), despite
comparable coverage across samples (Figure S1F), indicating
substantial depot-restricted expression. About a third of these
loci are exclusive to BAT and resemble genes encoding key
BAT-intrinsic proteins, as illustrated by lnc-BATE1 (Figure 1F),
a lncRNA that we focus on later because of its remarkable BAT
specificity and induction during brown adipogenesis (see below).
Thus, we provide a comprehensive catalog of bona fide and
mostly unannotated adipose lncRNAs (Table S2), many of which
may contribute to development or function of distinct adipocyte
lineages.
Adipose Tissue-Specific lncRNAs and Their Regulation
To examine the tissue specificity of adipose-expressed
lncRNAs, we quantified their levels across 30 primary tissues
from the mouse ENCODE project (Stamatoyannopoulos et al.,
2012) (Figure 2A). We scored the specificity of each gene to
each tissue by its fractional expression level (Supplemental
Experimental Procedures) and found greater tissue specificity
of lncRNAs versus mRNAs (Figure S2A), as expected (Cabili
et al., 2011). We then used an empirical threshold to define
tissue-restricted genes and selected those with an adipose sub-
type as the tissue of maximal specificity (Supplemental Experi-
mental Procedures). This yielded 127 BAT-, 81 iWAT-, and 240
eWAT-specific lncRNAs (Figure S2B and Table S2). Thus, we
also find fat depot specificity among lncRNAs (30%) greater766 Cell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc.than that among protein-coding genes (7%), as illustrated by
lnc-BATE1, which is highly abundant in BAT, but not in any of
the other tissues examined (Figure S2C).
To investigate the regulatory basis for adipose subtype-selec-
tive lncRNA expression, we first examined global occupancy
maps of PPARg, a master adipogenic TF, assessed by ChIP-
seq in primary BAT and eWAT (Rajakumari et al., 2013). We
found that PPARg targets the promoters of 754 (50%) lncRNAs
in BAT or eWAT, as indicated by binding within their TSS ± 3 kb
regions (Figure S2D). Importantly, BAT-selective lncRNAs are
enriched for BAT-specific PPARg promoter binding, whereas
eWAT-selective lncRNAs are enriched for eWAT-specific bind-
ing, as seen for key depot-specific proteins (Figures 2B and
2C). Among depot-specific lncRNAs whose promoters are
bound by PPARg in both BAT and eWAT, we still found stronger
PPARg binding in their tissue of selective expression (Figures
S2D and S2E).
We then focused on lncRNAs active in BAT, for which profiles
of expression, histone marking, and TF binding during brown
adipogenesis are available (Lee et al., 2013; Sun et al., 2013)
(Figure S2F). As expected from their depot-specific regulation,
BAT-selective lncRNAs are specifically enriched for induction
during brown adipogenesis, with 49 (38%) upregulated >2-fold
(Figure 2D). lncRNA activation is reflected at the chromatin level
and correlates with binding of C/EBPa, C/EBPb, and PPARg
early during differentiation (Figures 2E, S2F, and S2G). The
most predictive activation event is C/EBPa targeting, most of
which represents new binding events at differentiation day 2,
while co-targeting by C/EBPa, C/EBPb, and PPARg is associ-
ated with the strongest induction levels (Figure S2G). These
findings characterize multiple BAT-selective lncRNAs that are
targeted by common adipogenic TFs, often in a BAT-specific
manner, and show dynamic regulation during differentiation.
Validation of BAT-Selective lncRNAs
To focus our validation efforts, we ranked candidate lncRNAs by
their BAT specificity score, upregulation during brown adipogen-
esis, and abundance and chose the top 40 for qPCR-based vali-
dation. For 38 out of 40 candidates, we confirmed significantly
higher expression in BAT versus the average expression across
12 major organs, with 26 lncRNAs highest expressed in BAT
(Figure 3A). We also monitored expression during brown adipo-
genesis in culture and verified that all 40 candidates were upre-
gulated (Figure 3B). Next, to examine subcellular distribution, we
isolated RNA from cytoplasmic and nuclear fractions of mature
brown adipocytes and quantified lncRNA abundance by qPCR
(Figure 3C). Most candidates (27 out of 40) were enriched
in the nucleus, with four of them closely resembling the 47S
pre-rRNA at >90% nuclear retention, consistent with previous
observations (Alvarez-Dominguez et al., 2014b). Others,
including lnc-BATE1, were similarly abundant in the nucleus
and in the cytoplasm.
lnc-BATE1 Is Required for Brown Adipocyte
Development, Function, and Maintenance
Our ranking of adipose lncRNAs by their abundance, regulation,
and depot selectivity identified lnc-BATE1 as a top candidate
modulator of brown adipogenesis. lnc-BATE1 is an independent




Figure 2. Adipose Tissue-Specific lncRNAs and Their Regulation
(A) Abundance of adipose-expressed mRNAs (13,342) and lncRNAs (1,535) across 30 tissues from ENCODE, based on our de novo genemodels. Color intensity
represents the fractional expression across all the tissues examined (see Supplemental Experimental Procedures).
(B) Proportion of BAT-specific and eWAT-specific lncRNAs with promoter-proximal (TSS ± 3 kb) BAT- or eWAT-specific PPARg binding (Rajakumari et al., 2013),
as determined by peaks of ChIP-seq signal enrichment. ***p < 0.001 (Kolmogorov-Smirnov test).
(C) Examples of BAT- and eWAT-restricted lncRNAs showing BAT- or eWAT-specific PPARg promoter-proximal binding, respectively. UCP1, a BAT-restricted
mRNA locus targeted by PPARg specifically in BAT, is shown for comparison. Tracks depict RNA-seq signal for poly(A)+ RNA from BAT and eWAT as density of
mapped reads (black) and ChIP-seq signal for PPARg binding in BAT and eWAT as density of processed signal enrichment (purple). Peaks of signal enrichment
are shown in gray under the ChIP-seq tracks. Bottom tracks depict de novo transcript models by Cufflinks and Ensembl gene annotations as in Figure 1F.
(D) Expression dynamics of BAT-specific and iWAT-specific lncRNAs during brown adipogenesis. Shown are abundance estimates (FPKM) from poly(A)+ RNA-
seq of brown pre-adipocytes (D0) and cultured brown adipocytes (D8) (Sun et al., 2013), based on our de novo gene models.
(E) Dynamic changes in promoter-proximal chromatin marking and transcription factor binding among BAT-specific lncRNAs during brown adipogenesis. Shown
are changes in ChIP signal for binding of C/EBPa, C/EBPb, PPARg, and RNAPol II, as well as H3K27ac, H3K4me1, and H3K4me2marking, between immortalized
brownpre-adipocytesbefore (D0) andafter (D2) adipogenic induction (Leeet al., 2013).Changesare log2 ratiosof normalized readcountswithinTSS±3kb regions.giving rise to polyadenylated transcripts spliced from two exons
(Figures 4A and S2H), coincident with Genbank: NR_077224. 50
and 30 RACE revealed transcript variants with slightly differentCtranscription start sites and a common termination site (Fig-
ures S3A and S3B). lnc-BATE1 is equally distributed between
cytosol and nucleus, as evidenced by cell fractionation and byell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc. 767
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Figure 3. Validation of BAT-Selective lncRNAs
(A) Validation of 40 lncRNAs in BAT, eWAT, and iWAT (n = 3) and across 10 tissue samples by qPCR. Color intensity represents column mean-centered
expression.
(B) Induction of 40 BAT lncRNAs during brown adipogenesis. Expression values during a 4-day differentiation time course of culturedmouse pre-adipocytes were
determined by qPCR (n = 3). Color intensity represents row mean-centered expression.
(C) Subcellular localization of 40 BAT lncRNAs. The relative proportion of cytoplasmic (black) and nuclear (gray) expression was assessed by qPCR (n = 3).
GAPDH mRNA and 47S pre-rRNA represent predominantly cytoplasmic and predominantly nuclear controls, respectively. Rows are sorted from highest to
lowest cytoplasmic fraction.
(D) Detection of lnc-BATE1 transcripts by single-molecule RNA FISH. Shown are maximum z stack projections of fluorescence microscopy images. lncRNA
molecules and DNA staining are pseudocolored as indicated. Shown at the bottom left panel corner for lnc-BATE1 exons is the mean ± SEM (n = 2) percent of
nuclear-localized transcripts. GFP control indicates background fluorescencemeasured in the GFP channel. DIC indicates imaging in the differential interference
contrast channel.single-molecule RNA FISH, which additionally indicated mean
levels of 18 ± 2 transcripts per cell (Figures 3C, 3D, and S3C).
Importantly, lnc-BATE1 is enriched 10- to 20-fold in brown
versus white adipocytes and is upregulated 30-fold during
brown adipogenesis (Figures 4B and 4C).
To investigate lnc-BATE1 function, we designed Dicer-sub-
strate siRNAs (DsiRNAs) and transfected them into primary
brown pre-adipocytes, followed by induction of differentiation.
Over 70% knockdown was achieved at differentiation day 0,
and60% remained at day 5 (Figure 4D). lnc-BATE1 KD resulted
in limited changes in lipid accumulation and cell morphology dur-
ing differentiation (Figure 4E) but significantly downregulated
mRNA levels of all brown fat markers examined, including Cidea,
C/EBPb, PGC1a, PRDM16, PPARa, and UCP1 (Figure 4G), as
well as mitochondrial markers (Cox4i, Cox7a, and Cox8b) (Fig-768 Cell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc.ure 4H). General adipogenic markers (AdipoQ, C/EBPa, Fabp4,
and PPPARg) were also downregulated, but to a lesser extent
(Figure 4I), consistent with the limited effects on general adipo-
cyte differentiation. Immunoblotting further confirmed reduced
protein levels of BAT-selective genes (UCP1, PGC1a) and mito-
chondrial markers (Cox4, CytoC) (Figure 4J). lnc-BATE1 KD by
traditional siRNAs or by shRNAs targeting different sites gave
very similar results (Figures S3D–S3J), indicating that lnc-
BATE1 KD phenotypes are unlikely due to RNAi off-target
effects. In contrast to the dramatic downregulation of BAT
markers, lnc-BATE1 KD led to upregulation of WAT-selective
genes (see below; Figures 5E–5G).
Impaired BAT marker expression upon lnc-BATE1 loss could
be due to preferential disruption of the BAT gene program or be
an indirect effect of poor cell differentiation. To distinguish
between these possibilities, we depleted lnc-BATE1 in mature
brown adipocytes, using an electroporation method that yielded
60% knockdown (Figure 4K). We observed no evident
changes in cell morphology 3 days post-transfection (not
shown), but found a significant reduction in BAT, mitochondrial,
and common adipogenic markers (Figures 4L–4N). Thus, lnc-
BATE1 is essential for establishing the gene program of devel-
oping brown adipocytes and for its maintenance in mature
ones.
lnc-BATE1 loss also affected mitochondrial biogenesis, as
indicated by decreased mitochondrial staining (Figures 4E
and 4F), suppression of mitochondrial genes (Figures 4H, 4M,
and S3J), and loss of Ucp1 protein (Figure 4J). To examine
whether lnc-BATE1 KD alters thermogenesis, we measured
oxygen consumption in the presence of the adrenergic agent
norepinephrine (NE) and 2% BSA to specifically measure
Ucp1-dependent uncoupled respiration (Li et al., 2014) (Fig-
ure 4O). lnc-BATE1 KD cells exhibited generally lower oxygen
consumption, consistent with lower mitochondrial content,
but also showed specific impairment of their relative NE-stimu-
lated respiration, consistent with reduced Ucp1 accumulation
and activity. These data demonstrate that lnc-BATE1 is essen-
tial during brown adipogenesis for induction of multiple mito-
chondrial proteins, including Ucp1, and for thermogenesis in
brown adipocytes.
To assess if lnc-BATE1 is induced during browning of white
fat, we examined its expression in inguinal WAT of mice exposed
to 4C for 1 week. We found that lnc-BATE1 is upregulated 3- to
4-fold (Figure S4A), suggesting a role in WAT browning. To test
this, we used retroviral shRNAs to infect primary inguinal white
pre-adipocytes, followed by induction of differentiation in the
absence (Figures S4B–S4D) or presence of NE (Figure S4E).
Similar to the effects on brown adipogenesis, lnc-BATE1 KD
resulted in limited effects on lipid accumulation and cell
morphology (not shown) but impaired expression of the exam-
ined BAT, mitochondrial and, to a lesser extent, common adipo-
genic markers (Figure S4C). In contrast, 4 out of 7WAT-selective
genes were significantly upregulated (Figure S4D). In the pres-
ence of NE, we further found that induction of thermogenic
genes UCP1 and PGC1a is blunted by lnc-BATE1 KD (Fig-
ure S4E). Similar effects were observed in cultured epididymal
adipocytes (Figures S4F and S4G).
To study the impact of lnc-BATE1 gain of function on brown
adipogenesis, we cloned lnc-BATE1 and introduced it into
brown pre-adipocytes via retroviral transduction, followed by in-
duction of differentiation. We could not find any significant
changes in lipid accumulation, cell morphology (not shown), or
enhancement of BAT marker gene expression, however, under
standard or limited differentiation conditions (Figures S5A and
S5B), suggesting that normal lnc-BATE1 levels suffice to maxi-
mally stimulate brown adipogenesis, and excess ectopic
expression has no further effect. Similarly, overexpressing lnc-
BATE1 in primary inguinal or epididymal white pre-adipocytes
followed by induction of differentiation did not significantly
impact BAT-selective genes (Figures S5C–S5E), indicating that
lnc-BATE1 gain of function is insufficient to promote browning.
Finally, we tested if lnc-BATE1 functions in brown adipocyte
lineage determination from myoblast progenitors by ectopically
expressing it in C2C12 myoblasts followed by induction of differ-Centiation but did not find evident effects in cell morphology (not
shown) or in expression of the myogenic markers examined (Fig-
ure S5F). Thus, lnc-BATE1 is a BAT-selective factor necessary,
but not sufficient, for brown adipocyte development, function,
and maintenance.
lnc-BATE1 Mediates Concurrent Activation of the
Brown Fat and Suppression of the White Fat Gene
Expression Programs
To gain further insights into lnc-BATE1 function from global gene
expression analysis, we performed RNA-seq in differentiating
DsiRNA-treated brown adipocytes and identified 1,014 differen-
tially expressed genes (p < 0.05, DESeq), comprising 781 en-
riched and 233 depleted in lnc-BATE1 KD versus control cells
(Figure 5A). Higher-expressed genes were enriched for general
functions in cell division, adhesion, and signaling processes
that are normally suppressed during adipogenesis (Figures 5B
[top] and S6A), whereas lower-expressed ones comprised genes
specifically linked to brown adipogenesis and mitochondrial
biogenesis and function, which fail to be activated upon lnc-
BATE1 loss (Figures 5B [bottom] and S6B). Gene set enrichment
analysis (Subramanian et al., 2005) of depleted genes further
indicated significant overlap with the gene signature activated
during brown adipogenesis published previously (Sun et al.,
2013) (Figure 5D).We thus sought to computationally identify up-
stream regulators that may be responsible for suppression of
these genes upon lnc-BATE1 KD (Supplemental Experimental
Procedures and Table S3). Pathway analysis identified PGC1a,
ESRRa, PPARa, and PPARg as the top TFs whose inhibition
would explain downregulation of 64 genes (p < 1014–p <
105, Fisher’s test) (Figure 5C). Independent gene set enrich-
ment analysis further showed that genes activated by these
factors are significantly depleted upon lnc-BATE1 KD (p < 105
for all; Figure S6C). These results indicate that lnc-BATE1
is required for a genetic program associated with brown
adipogenesis.
Suppression of the brown adipogenesis program upon lnc-
BATE1 KD could be due to suppression of genes important for
adipogenesis in general. To test this possibility, we defined
groups of BAT-specific, WAT-specific, and common adipogenic
protein-coding genes based on their tissue specificity scores
(Table S2; Supplemental Experimental Procedures) and studied
the impact of lnc-BATE1 KD on their expression (Figures 5E, 5F,
S6D, and S6E). We found that, in general, inhibiting lnc-BATE1
leads to repression of BAT-selective or common adipogenic
genes that are normally activated during brown adipogenesis,
but there is a more profound influence on BAT-selective genes
(15% downregulated at p < 0.05, DESeq) than that on common
adipogenic ones (6% downregulated at p < 0.05, DESeq), indi-
cating that lnc-BATE1 indeed acts as a BAT-selective regulator.
In contrast, WAT-selective genes were mostly upregulated upon
lnc-BATE1 KD, whether they are normally repressed or activated
during brown adipocyte differentiation (Figures 5F and S6E),
indicating that their higher expression is not merely due to
impaired adipogenesis. To validate this finding, we focused on
20 of the most widely used WAT markers (Kajimura et al.,
2008; Seale et al., 2007; Villanueva et al., 2013; Walde´n et al.,
2012) (Figures 5G and S6F) and confirmed by qPCR their upre-
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Figure 4. lnc-BATE1 Is Required for Brown Adipocyte Development, Function, and Maintenance
(A) lnc-BATE1 locus map. Track 1 depicts BAT poly(A)+ RNA-seq signal as density of mapped reads. Track 2 depicts de novo transcript models by Cufflinks.
Tracks 3–4 display RNA 50-capping and 30-polyadenylation sites as evidenced by CAGE tags (blue) and poly(A) tags (red), respectively; only tags from the strand
(legend continued on next page)
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genes upregulated, mean 3.4-fold) or shRNAs (16 out of 19
genes upregulated, mean 2-fold). Accordingly, lnc-BATE1 gain
of function in iWAT adipocyte culture led to their general down-
regulation, which was specifically anticorrelated with their upre-
gulation upon lnc-BATE1 inhibition in BAT adipocyte culture
(Pearson’s r = 28 to r = 46, p < 0.05, t test). Thus, lnc-
BATE1 specifically mediates concurrent activation of the core
BAT gene program and repression of WAT genes.
lnc-BATE1 Functions In trans
lncRNAs can function in cis or in trans during cell differentiation
(Fatica and Bozzoni, 2014; Hu et al., 2012). To distinguish be-
tween these possibilities, we first examined the expression of
genes neighboring lnc-BATE1 within a 1.75 Mb window (Fig-
ure S7A). We found no correlation in the tissue expression
patterns of these genes versus lncBATE-1 (Figure S7B) and
showed that their levels are unaffected by its depletion (Figures
S7C and S7D), indicating that lnc-BATE1 does not regulate its
neighbors in cis.
To investigate if lnc-BATE1 functions in trans, we tested
whether the defects of lnc-BATE1 KD cells could be rescued
by ectopically expressed lnc-BATE1 that escapes DsiRNA
targeting. We thus constructed an exogenous mutated lnc-
BATE1 (lnc-BATE1_Exo) with a 4 nt mutation at the DsiRNA2 tar-
geting site designed to abolish KD (Figure 6A) and transduced it
or GFP control into brown pre-adipocytes followed by DsiRNA
transfection and subsequent induction of differentiation (Fig-
ure 6B). lnc-BATE1 expression was assessed with primers spe-
cific to endogenous or exogenous variants or common to both
(Figure 6C). Introducing lnc-BATE1_Exo, which localized to
both nucleus and cytoplasm, increased total lnc-BATE1 levels
by >5-fold (Figure 6D). As expected, Dsi2 inhibited endogenous,
but not exogenous, lnc-BATE1 (Figure 6E) and, in GFP control
cells, impaired expression of 8 BAT markers and, to a lesser
extent, 4 common adipogenic genes (Figures 6F and 6G, top
panels). In cells expressing lnc-BATE1_Exo, however, we found
rescued expression for half of the examined BAT markers,
including Dio2, Elovl3, PPARa, and UCP1, and for the common
adipogenic factors C/EBPa and PPARg (Figures 6F and 6G, bot-
tom panels). These results demonstrate RNA-based function
and indicate that lnc-BATE1 can act in trans to modulate brown
adipogenesis.of transcription are shown. Tracks 5–7 display ENCODE BAT ChIP-seq signal
processed signal enrichment; peaks of signal enrichment are shown in gray und
(B) Expression of lnc-BATE1 across 14 mouse tissues assessed by qPCR.
(C) Expression of lnc-BATE1 during the course of brown adipogenesis in culture
(D) Expression of lnc-BATE1 in cultured brown adipocytes transfected with DsiRN
for qPCR at differentiation days 0 and 5.
(E) Representative images of DsiRNA-treated cultured brown adipocytes at differ
(red) plus Hoechst (blue), respectively.
(F) Quantification of integrated density signal of MitoTracker fluorescence in ind
values to the right.
(G–I) Expression of BAT (G), mitochondrial (H), and common adipogenic markers
(J) Protein levels of BAT, mitochondrial, and common adipogenic markers asses
adipocytes.
(K–N) Knockdown of lnc-BATE1 in mature brown adipocytes 72 hr post-transfe
common adipogenic markers (N).
(O) Representative metabolic flux curves from cultured DsiRNA-treated day 5 bro
BSA. Oxygen consumption rates (OCR) are mean ± SEM and are normalized by
Error bars are mean ± SEM, n = 3. *p% 0.05, **p% 0.01.
Clnc-BATE1 Interactswith hnRNPU,which Is Required for
Brown Adipocyte Development
lncRNAs can function by binding proteins to form functional
complexes (Rinn and Chang, 2012). We thus sought to identify
protein partners of lnc-BATE1 via RNA pull down in nuclear
and cytosolic lysates (Experimental Procedures). However, we
did not find any interactions specific to lnc-BATE1 (not shown),
suggesting that its protein partners are either of low abundance
or masked by non-specific interactions with proteins of similar
molecular weight.
We next sought to examine by RNA immunoprecipitation (RIP)
proteins known to bind lncRNAs in adipocytes. We previously
showed that the nuclear matrix factor hnRNP U is required for
theproper localizationof Firre, a lncRNAessential forwhiteadipo-
genesis, to its targets (Hacisuleymanet al., 2014;Sunet al., 2013).
Interestingly, we found a putative hnRNP U binding motif within
lnc-BATE1 (Figure S7E), suggesting that the two interact. To
explore this possibility, we first asked whether hnRNP U contrib-
utes to brownadipogenesis. hnRNPUKDwith siRNAs in differen-
tiating brown adipocytes significantly impaired lipid droplet accu-
mulation (Figure 7A) andBATmarker geneexpression (Figure 7B),
indicating that it is needed for brown adipogenesis. We then per-
formed RIP against hnRNP U and detected a specific interaction
with lnc-BATE1 (Figures 7C and 7D). In contrast, RIP against
SUZ12, a PRC2 subunit that binds a wide range of lncRNAs
non-specifically (Davidovich et al., 2013; Kaneko et al., 2013),
did not enrich for lnc-BATE1. These results were confirmed by
RNA pull down and immunoblotting (Figure 7E). Binding of
androgen receptor (AR) 30 UTR RNA to HuR protein served as
positive control for these studies and as negative control for
hnRNPUbinding. As expected, hnRNPUandHuRwere enriched
by lnc-BATE1 and AR 30 UTR RNA, respectively, whereas Gapdh
housekeepingproteinwasnot (Figure 7E). These findingsdemon-
strate a specific and direct interaction between lnc-BATE1 and
hnRNP U, suggesting that they form a functional ribonucleopro-
tein complex to regulate brown adipogenesis.
DISCUSSION
Elucidating factors controlling development of distinct types
of fat is crucial for finding new targets to treat metabolic disor-
ders. In particular, factors that selectively promote brownfrom H3K4me3, H3K4me1, and H3K27ac marks, respectively, as density of
er each track.
assessed by qPCR.
A control (DsiC) or DsiRNAs targeting lnc-BATE1 (Dsi1 and Dsi2) and collected
entiation day 5 labeled with oil red O (ORO, red) or MitoTracker Deep Red FM
ividual cells from (E). Signal distributions are shown to the left and their mean
(I) in DsiRNA-treated cultured day 5 brown adipocytes.
sed by western blot on cell lysates from DsiRNA-treated cultured day 5 brown
ction with DsiRNAs (K) impairs expression of BAT (L), mitochondrial (M), and
wn adipocytes treated with the adrenergic agent norepinephrine (NE) and 2%
protein concentration




Figure 5. lnc-BATE1 Mediates Concurrent Activation of the Brown Fat and Suppression of the White Fat Gene Programs
(A) Expression change of 1,014 mRNAs that are differentially expressed (p < 0.05, DESeq) in cultured brown adipocytes upon lnc-BATE1 KD, collected at dif-
ferentiation days 3 (D3) and 5 (D5). Changes are log2 expression (FPKM) ratios over control siRNA.
(B) Top 5 non-redundant gene ontology (GO) biological process terms enriched (p < 0.05, Fisher’s test) amongmRNA genes that show significantly higher (top) or
lower (bottom) expression (p < 0.05, DESeq) upon lnc-BATE1 KD relative to control.
(C) Network diagram of top upstream transcription regulators whose inhibition best explains genes downregulated (p < 0.05, DESeq) upon lnc-BATE1 KD, along
with their known direct targets. Arrows and blocked lines indicate transcriptional activation and repression, respectively. Blue and yellow lines indicate whether
the predicted inhibition of the upstream regulator is consistent or inconsistent with the state of the downstream molecule, respectively; gray lines generated no
prediction. Highlighted blue lines emphasize PGC-1a relationships.
(D) Gene set enrichment analysis for overlap between genes depleted upon lnc-BATE1 KD and the BAT differentiation gene signature published previously (Sun
et al., 2013). NES, normalized enrichment score; p, empirical p value.
(E) Cumulative density distributions of expression changes (top) and p values for these changes (bottom) for all expressed protein-coding genes and for BAT-
specific, WAT-specific, and common adipogenic genes in lnc-BATE1 siRNA-treated cultured day 5 brown adipocytes. Changes are log2 expression (FPKM)
ratios relative to control siRNA. Vertical gray line denotes the p < 0.05 significance threshold (bottom).
(F) Proportion of BAT-specific, WAT-specific, and common adipogenic genes that are upregulated (log2 expression change versus control > 0) or downregulated
(log2 expression change versus control < 0) in lnc-BATE1 siRNA-treated cultured day 5 brown adipocytes.
(G) lnc-BATE1 mediates repression of WAT marker genes. Expression change of select WAT markers during brown adipogenesis in culture, shown as the log2
expression ratio between brown adipocytes (Day 6) and pre-adipocytes (Day 0) (left). Expression change in cultured day 3 brown adipocytes transfected with
siRNA targeting lnc-BATE1, relative to control siRNA (middle). Expression change in cultured day 5 white adipocytes expressing ectopic lnc-BATE1, relative to
GFP control (right).
Error bars are mean ± SEM, nR 3.
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Figure 6. Exogenous siRNA-Resistant lnc-BATE1 Partially Rescues Gene Suppression in Brown Adipocytes Depleted of Endogenous
lnc-BATE1
(A) Construction of exogenous siRNA-resistant lnc-BATE1 mutant (lnc-BATE1_Exo) from the endogenous transcript (lnc-BATE1_Endo).
(B) Schematic illustration of procedure used for rescue experiments.
(C) Design of qPCR primer pairs and agarose gel image of the resulting PCR products. Lane 2: lnc-BATE1_Endo or _Exo amplified by P1 primer pair; lane 3:
lnc-BATE1_Endo amplified by P2 primer pair; lane 4: lnc-BATE1_Exo amplified by P2M primer pair.
(D) Expression (top) and localization (bottom) of total lnc-BATE1 in brown adipocytes infected with GFP control viruses or with lnc-BATE1_Exo viruses prior to
transfection with control DsiRNA (DsiC).
(E–G) Expression of endogenous or exogenous lnc-BATE1 (E), brown adipocyte markers (F), and general adipogenic markers (G) in brown adipocytes infected
with GFP control virus or with lnc-BATE1_Exo virus prior to transfection with control DsiRNA (DsiC) or lnc-BATE1 DsiRNA (Dsi2).
Error bars are SEM, n = 3. *p% 0.05, **p% 0.01.adipogenesis are of key interest as potential targets for obesity.
Here, we present the first comprehensive catalog of lncRNAs
active across different adipose tissues, including 450 that are
highly subtype selective, providing a valuable resource for the
discovery of lncRNAs with adipocyte lineage-specific functions.
This resource is available online (https://sites.google.com/site/
sunleilab/data/lncrnas) and can be used to efficiently identify
functional lncRNAs based on their tissue expression, specificity,
and regulation features, as illustrated by our work showing that
lnc-BATE1, a lncRNA chosen based on these features, is
required for the brown adipocyte phenotype.
We characterize lnc-BATE1 as a BAT-selective factor that has
limited roles on general adipocyte differentiation but serves crit-
ical brown adipocyte-selective functions. Indeed, lnc-BATE1 isCessential for the formation and maintenance of mature brown
adipocytes capable of thermogenesis. A different type of ther-
mogenic adipocytes, termed ‘‘beige’’ or ‘‘brite,’’ have been
shown to form within white fat depots, in response to cold stress
or other stimuli, but share many components of the BAT gene
program (Petrovic et al., 2010; Schulz et al., 2011; Wu et al.,
2012). We find that lnc-BATE1 is upregulated during cold-
induced beige adipocyte expansion, and its loss impairs
induction of BAT-selective genes, suggesting a broader role for
lnc-BATE1 in general thermogenic programming. In support of
this notion, our loss-of-function and gain-of-function studies
indicate that lnc-BATE1 can act in trans not only to sustain a ther-
mogenic phenotype, but also to suppress WAT-selective gene
programming.ell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc. 773
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Figure 7. lnc-BATE1 Interacts with hnRNP U, which Is Required for Brown Adipocyte Differentiation
(A) Oil red O staining of brown adipocytes differentiated in culture upon siRNA-mediated hnRNP U KD.
(B) Expression of hnRNP U and marker genes in cultured brown adipocytes following hnRNP U KD, quantified by qPCR.
(C and D) Association between endogenous lnc-BATE1 and hnRNP U in the nucleus of cultured brown adipocytes. RNA immunoprecipitation (RIP) enrichment
was assessed as RNA associated to hnRNP U or Suz12 relative to IgG control by qPCR (C) or western blot (D).
(E) lnc-BATE1 and hnRNP U specifically interact in vitro. Western blots for biotin-RNA pull down show specific interaction between lnc-BATE1 and hnRNP U, but
not GAPDH or HuR protein, which specifically interacts with androgen receptor (AR) 30 UTR RNA.
Error bars are SEM, n = 3. *p% 0.05, **p% 0.01.lncRNAs often function by partnering with proteins such as
chromatin modifiers and RNA binding factors (Wang and
Chang, 2011). For instance, hnRNP U is responsible for
localization of lncRNAs Xist and Firre to the subnuclear
domains where they function (Hacisuleyman et al., 2014;
Hasegawa et al., 2010). We find that lnc-BATE1 directly inter-
acts with hnRNP U, which is also required for brown adipogen-
esis, suggesting that it may form a functional ribonucleoprotein
complex with lnc-BATE1 to exert its function in a cell-type-
specific manner. However, hnRNP U can recognize a wide
array of substrates and participates in many aspects of RNA
metabolism, and lnc-BATE1’s presence in both the nucleus
and cytosol suggests additional cytosolic protein or RNA part-
ners. The functional impact of its specific interaction with
hnRNP U on BAT development and function thus warrants
further investigation. Collectively, our work provides a basis
for the study of adipose tissue-selective lncRNAs and demon-
strates their importance as BAT-specific regulators, which may
be exploited for selective stimulation of BAT development for
therapeutic use.
EXPERIMENTAL PROCEDURES
Tissue Isolation and Cell Culture
Primary fat tissues were isolated from 8-week-old B/C mice, and primary
brown and white pre-adipocytes were isolated from 3- to 4-week-old mice
and differentiated in culture as described (Sun et al., 2011). 293T cells and774 Cell Metabolism 21, 764–776, May 5, 2015 ª2015 Elsevier Inc.C2C12 myoblasts were maintained in DMEM plus 10% or 20% FBS, respec-
tively. C2C12 cells were differentiated in DMEM with 2% horse serum.
RNA-Seq
Total RNA from BAT, iWAT, and eWAT samples was isolated using a QIAGEN
kit. Sequencing libraries were prepared as described (Sun et al., 2011) and
sequenced on the Illumina HiSeq2000 platform (see Supplemental Experi-
mental Procedures for analysis details).
Single-Molecule RNA FISH
Single-molecule RNA FISH, fluorescence microscopy, image acquisition, and
analysis were conducted as described (Alvarez-Dominguez et al., 2014b) (see
Supplemental Experimental Procedures for details).
lncRNA Knockdown
Pre-adipocytes at 80% confluence were transfected with 100 nM siRNAs or
DsiRNAs. 6–8 hr later, cells were recovered in full culture medium, grown to
confluence, and induced to differentiate as described (Sun et al., 2013). For
shRNA-mediated knockdown, cells at 60% confluence were infected with
shRNA retroviruses and induced to differentiate 48 hr post-infection. siRNA
knockdown inmature brown adipocytes was performed as described (Rajaku-
mari et al., 2013) (see Supplemental Experimental Procedures for details). Oli-
gos used in this study are listed in Table S4.
Plasmid and Retroviral Transduction
lncRNA expression plasmids or shRNA viral plasmids were co-transfected
with retroviral packaging vector pCL-Eco into 293T cells using FuGENE6
(Promega), and viruses were collected at 48 hr and 72 hr post-transfection.
Cells were induced to differentiate 48 hr post-infection and collected for down-
stream analysis at the indicated times.
Oil Red O, Hoechst, and MitoTracker Staining
5-day differentiated brown adipocytes were stained with 100 mMMitoTracker
Red FM and 1:5,000 dilution of Hoechst at 37C for 40 min. Oil red O (ORO)
staining was performed as described (Sun et al., 2011) (see Supplemental
Experimental Procedures for details).
Extracellular Flux Analysis
5-day differentiated RNAi-treated brown adipocytes were applied to an
Extracellular Flux Analyzer (Seahorse Bioscience) and analyzed for oxygen
consumption rates according to the manufacturer’s instructions (see Supple-
mental Experimental Procedures for details).
lncRNA Cloning
To ectopically express lnc-BATE1, 3 different variants were cloned into a
modified pSIREN-RetroQ-ZsGreen Vector (Clontech). To make exogenous
mutated lnc-BATE1, mutated nucleotides were introduced by PCR amplifica-
tion of overlapping products harboring mutated nucleotides. lnc-BATE1
shRNA plasmids were made by inserting annealed oligos into the pMKO
vector.
RNA Immunoprecipitation
Nuclei from 4-day differentiated brown adipocytes were isolated, and nuclear
or cytosolic lysates were prepared, treated with 300 U/ml RNase inhibitor, and
incubated with 5 ug of the indicated antibody. RNA-protein complexes were
immunoprecipitated with protein A/G beads, and 20% were kept for western
blot and the rest used for RNA extraction (see Supplemental Experimental Pro-
cedures for details).
RNA Pull Down
Biotin-labeled lnc-BATE1 and androgen receptor 30 UTR RNA were tran-
scribed using a MEGAscript kit (Life Technologies). Biotinylated RNAs were
purified with a NucAway spin column as described (Tsai et al., 2010) and incu-
bated with brown adipocyte nuclear lysate for 3 hr at 4C. Beads were then
washed and boiled in SDS buffer for 5 min at 95C, and the retrieved protein
was visualized by immunoblotting (see Supplemental Experimental Proce-
dures for details).ACCESSION NUMBERS
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GEO: GSE66686. lncRNA sequences and annotations are available at
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